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Clathrin-coated pits (CCPs) are generally con-
sidered a uniform population of endocytic ma-
chines containing mixed constitutive and regu-
lated membrane cargo. Contrary to this view,
we show that regulated endocytosis of G pro-
tein-coupled receptors (GPCRs) occurs prefer-
entially through a subset of CCPs. Significantly,
GPCR-containing CCPs are also functionally
distinct, as their surface residence time is regu-
lated locally by GPCR cargo via PDZ-depen-
dent linkage to the actin cytoskeleton. Such
cargo-regulated CCPs show delayed recruit-
ment of dynamin and can undergo an abortive
event in which clathrin coats separate from
the plasma membrane without concomitant re-
ceptor endocytosis. Segregation of cargo into
CCP subsets, combined with cargo-dependent
control of CCP dynamics, suggests a simple
kinetic mechanism to generate functional spe-
cialization early in the endocytic pathway and
reduce competition between diverse endocytic
cargo.
INTRODUCTION
Clathrin-coated pits (CCPs) mediate endocytosis of di-
verse membrane cargo by distinct constitutive and regu-
lated modes, utilizing a shared core endocytic machinery
and cargo-specific adaptors (Conner and Schmid, 2003;
Goodman et al., 1996; Owen et al., 2004; Perrais andMer-
rifield, 2005; Sorkin, 2004; Tosoni et al., 2005; von Zas-
trow, 2003). While a traditional view is that diverse endo-
cytic cargo and adaptors mix in a uniform population of
CCPs, endocytosis of distinct cargo is saturable yet often
noncompetitive (Santini et al., 1998; Warren et al., 1997;
Warren et al., 1998). This raises the question if there exists
compositional and functional specialization among CCPs
(Tosoni et al., 2005).
Signaling receptors are particularly interesting exam-
ples of endocytic cargo, as their trafficking has diverse
physiological consequences and hence is highly regulated(Di Fiore and De Camilli, 2001; Gainetdinov et al., 2004; Le
Roy and Wrana, 2005; Nong et al., 2004; Sorkin and Von
Zastrow, 2002). G protein-coupled receptors (GPCRs)
comprise the largest class of signaling receptors (Pierce
et al., 2002), many of which internalize rapidly via CCPs
following activation-induced association with the endo-
cytic adaptor b-arrestin (Ferguson et al., 1998; Goodman
et al., 1998).
Evidence suggests that certain cargo, including GPCR-
arrestin complexes, internalize preferentially via a subset
of CCPs (Cao et al., 1998; Puri et al., 2005; Tosoni et al.,
2005). As these studies relied primarily on analysis of bio-
chemical preparations or fixed specimens, which essen-
tially provide snapshots of a highly dynamic process, it
is not possible to exclude the alternative possibility that
compositional heterogeneity simply reflects differing rates
of cargo recruitment to an otherwise uniform CCP popula-
tion. If CCP subsets truly differ in cargo composition, the
critical question is whether they also differ in functional
properties. If so, are functional differences intrinsic to
the CCPs themselves, implying the need for a secondary
sorting mechanism segregating cargo between pre-exist-
ing CCP subsets, or are they dictated by the membrane
cargo contained therein?
We addressed these questions using TIR-FM to exam-
ine the dynamics of individual GPCR-containing CCPs in
living cells. By visualizing individual CCPs over their entire
lifetimes, we establish that endocytosis of GPCR-arrestin
complexes occurs preferentially by a subset of CCPs. Fur-
ther, coated pit subsets differ in functional properties im-
posed locally by the presence of the GPCR cargo itself,
suggesting a kinetic mechanism to specialize the early en-
docytic pathway and reduce competition between distinct
membrane cargos.
RESULTS
PDZ-Domain Interactions Delay Internalization
of a Chimeric v-Opioid Receptor
To focus on the role of PDZ interactions in regulating
GPCR endocytosis, we first asked if the PDZ ligand de-
rived from the b1-adrenergic receptor (b1AR) was suffi-
cient to modulate endocytosis of a distinct GPCR that
does not bind PDZ proteins. This ligand, which is well-
characterized biochemically (He et al., 2006), modulatesCell 127, 113–124, October 6, 2006 ª2006 Elsevier Inc. 113
b1AR endocytosis in transfected HEK293 cells and in car-
diomyocytes that naturally express this GPCR (Xiang
et al., 2002; Xu et al., 2001). Fusion of the b1ARPDZ ligand
to the C-terminal cytoplasmic tail of the v-opioid receptor
confers PDZ binding to the resulting chimeric receptor
(termed db1) (Gage et al., 2005). Addition of an alanine
residue at the C terminus of db1, which abolishes PDZ
binding (Gage et al., 2005), was used to generate a control
receptor (termed ala).
Agonist-induced internalization of FLAG-tagged recep-
tors was observed by live TIR-FM imaging in HEK293 cells
after labeling using an antibody that does not perturb reg-
ulated endocytosis or recycling (Cao et al., 1998; Keith
et al., 1996; Tsao and von Zastrow, 2000). Cells with com-
parable surface expression of receptors were chosen for
imaging and analysis, as confirmedby estimating the aver-
age initial surface fluorescence values of the cells express-
ing each receptor (Figures 1A and 1B). Agonist addition
resulted in rapid internalization of both db1 and ala recep-
tors, seen as a decrease in surface fluorescence (Fig-
ure 1A). After 15 min of agonist treatment, 68% of db1
remained on the plasma membrane, while only 20% of
surface ala remained (Figures 1A and 1C). As expected
for first-order kinetics of internalization, the surface recep-
tor fluorescence showed an exponential decrease (R2 =
0.9811 for db1 and 0.9967 for ala) over the 15 min of ago-
nist treatment (Figure 1D).
As db1 recycles more robustly than ala, due to its ability
to interact with PDZ domain-containing proteins (Gage
et al., 2005), enhanced recycling of db1 might contribute
to the observed difference in internalization kinetics. To
address this, initial endocytic rates were estimated by
measuring the decrease in surface receptor fluorescence
at 3 s intervals over the initial 150 s after agonist addition.
Importantly, surface fluorescence values of db1-express-
ing cells diverged significantly from those expressing ala
by 27 s after agonist treatment (Figure 1E), when recycling
is negligible. Exponential curve fits of the initial 50 time
points indicated that db1 was internalized with a half-life
of 156 s (R2 = 0.988), compared to 52 s for ala (R2 =
0.991), revealing a 3-fold reduction in average receptor
endocytic rate.
PDZ Interactions Do Not Detectably Inhibit Early
Events in Receptor Internalization
We next sought to identify the step at which PDZ-domain
interactions inhibit internalization of db1. Cells coexpress-
ing low levels of arrestin-3 (b-arrestin-2) fused to GFP
(Barak et al., 1997), and either db1 or ala were imaged
to visualize early events of receptor-arrestin clustering in
the plasma membrane. Pronounced clustering of both re-
ceptors occurred rapidly after agonist addition and coin-
cided with the appearance of arrestin in the same clusters
with virtually complete colocalization (Figures 2A and 2B).
Importantly, the average times required for the initial ap-
pearance of surface receptor-arrestin clusters did not dif-
fer significantly between db1 and ala (Figure 2C) and were
far shorter than the t1/2 for endocytosis of either receptor114 Cell 127, 113–124, October 6, 2006 ª2006 Elsevier Inc.(Figure 1E). Thus, PDZ interactions do not detectably
impair GPCR-arrestin complex formation or clustering.
Even if a small effect on the lateral clustering rate was
missed, such an effect could not explain the observed
difference in GPCR endocytic rates.
Similarly, cells coexpressing clathrin-GFP and either
GPCR were imaged to assess the effect of PDZ interac-
tions on GPCR accumulation in CCPs. Agonist-induced
Figure 1. Addition of a PDZ-Interacting Domain Slows Inter-
nalization of the Delta-Opioid Receptor
(A) Frames of a representative area of cells expressing ala or db1, im-
aged live using TIR-FM at the indicated times after agonist addition.
Scale bar = 5 mm.
(B) Average initial surface fluorescence values of either receptor across
all cells examined in arbitrary units (n = 46 cells).
(C) The surface fluorescence remaining at the end of 15 min of agonist
treatment, calculated in individual cells and averaged.
(D) Average surface fluorescence measured every 3 s, over the 15 min
time period after agonist addition.
(E) Plot of the initial time points with p values obtained (n = 46 cells).
Error bars represent SEM.
Figure 2. Agonist-Induced GPCR Localization in CCP Subsets Is Not Affected by PDZ Interactions
(A and B) Cells expressing arrestin 3-GFP and either ala (A) or db1 (B) were imaged live. Frames 0 or 18 s after agonist addition are shown.
(C) The average times required for detection of receptor clustering after agonist addition are not significantly different between ala and db1- express-
ing cells (n = 74 cells).
(D) A representative image collected 18 s after agonist addition in cells expressing clathrin-GFP and either db1 or ala is shown. The marked
area is enlarged in the merged image. Arrows denote CCPs containing receptor (yellow), while arrowheads indicate CCPs without receptor (green).
Scale bar = 5 mm.
(E) The percentage of CCPs that colocalized with either receptor, without (n = 555) or with (n = 781) concomitant overexpression of arrestin, is shown.
(F) Example immunoelectronmicrograph of a region of the plasmamembrane from agonist-treated db1 cells. Arrows indicate db1-gold labeling in one
of the coated pits. Error bars represent SEM.clustering of both GPCRs occurred rapidly in previously
formed clathrin spots (Figure S1A), consistent with recep-
tor recruitment into pre-existing CCPs (Santini et al., 2002;
Scott et al., 2002). Although all GPCR clusters colocalized
with CCPs labeled by clathrin-GFP, both GPCRs concen-
trated preferentially in a subset of CCPs (Figure 2D). For
either db1 or ala, the fraction of CCPs containing detect-
able amounts of the activated GPCR was 40% of the
total (Figure 2E, db1 and ala), comparable to previous
results from fixed cells (Cao et al., 1998). Importantly, ex-
amination of individual CCPs in time-lapse movies verified
that this segregation was maintained over their entire life-
time, from initial formation to endocytic scission (Fig-
ure S1B). This confirms, in live cells, the existence of
CCPsubsets differing inGPCRcontent. Strikingly, overex-
pression of arrestin with either receptor greatly increased
colocalization with clathrin (Figure 2E), suggesting that se-
lective concentration of GPCR-arrestin complexes in CCP
subsets is a saturable phenomenon limited by the endo-
cytic adaptor arrestin. At the ultrastructural level, in cells
expressing endogenous arrestins, only 33% of all ob-
served coated pit profiles contained gold-labeled db1
(Figure 2F), consistent with the existence of CCP subsets.
Together, these results indicate that both db1 and ala
undergo rapid agonist-induced concentration in a subset
of CCPs. The PDZ-dependent endocytic delay of db1thus cannot be explained by kinetic effects on receptor-
arrestin complex formation or lateral redistribution into
CCPs.
PDZ Interactions Prolong the Surface Residence
Time of CCP-Localized GPCR-Arrestin Clusters
Cells coexpressing arrestin-GFP together with tagged
GPCRs were imaged to directly visualize events in regu-
lated receptor endocytosis. Agonist-induced receptor-
arrestin clusters were relatively immobile on the plasma
membrane until endocytosis, characterized by an abrupt
change in mobility leading to one of three events. The first
involved rapid disappearance of the cluster (Figures 3A
and 3B, top row), consistent with a vesicular scission
event allowing rapid movement of GPCR-arrestin com-
plexes out of the TIR-FM illumination field, prior to or con-
comitant with arrestin dissociation. A second type of event
involved a sudden lateral shift of the cluster, which coin-
cided with, or was closely followed by, disappearance of
arrestin but not the GPCR (Figures 3A and 3B, middle
row). This was interpreted as endocytic scission of the
receptor-arrestin complex, followed immediately by the
dissociation of arrestin before the receptor-containing
vesicle moved out of the TIR-FM field. Supporting this,
the receptor spot showed high mobility after loss of ar-
restin, with both apparent Brownian motion and largerCell 127, 113–124, October 6, 2006 ª2006 Elsevier Inc. 115
Figure 3. PDZ Interactions Delay Endo-
cytosis of Clustered Receptors
(A) Dual-color TIR-FM of receptors (red) and ar-
restin (green) show three modes of endocyto-
sis: a sudden lateral shift of receptor-arrestin
clusters associated with their disappearance
(top row), loss of arrestin signal (middle row),
or budding of receptor-containing spots devoid
of arrestin (bottom row). Frames are 3 s apart.
Arrowheads in key frames indicate the endo-
cytic events.
(B) Kymographs of the same endocytic events
followed over 4 min. Arrowheads denote the
endocytic events. Scale bar = 1 min.
(C) Kymographs of arrestin fluorescence over
10 min after agonist addition.
(D) The average times that individual receptor-
arrestin clusters persist on the surface before
endocytosis, calculated in cells coexpressing
arrestin and db1, ala, hß2, or hß2HA (n = 173,
178, 284, and 195 respectively).
(E) Arrestin lifetimes were binned to estimate
the percentage of clusters that persist less
than, or more than, 90 s in cells expressing
the receptor indicated.
(F) Cumulative frequency distributions and
curve fits of arrestin clusters with the specified
(x axis) surface lifetimes.
(G) Frames from a representative TIR-FM im-
age series showing db1 and arrestin before ag-
onist addition (left), 79 s after agonist addition
(middle), and 3 s after subsequent EDTA addi-
tion (Movie S2).
(H) The average surface lifetimes of individual
receptor-arrestin clusters (n = 159) calculated
(as in Figure 3D) from cells treated with pertus-
sis toxin. Error bars represent SEM.translocation steps characteristic of peripheral endocytic
vesicles (Figure 3B). A third type of event was character-
ized by a receptor-containing spot, devoid of arrestin,
abruptly budding from a receptor-arrestin cluster and
gaining high mobility (Figures 3A and 3B, bottom row).
Notably, in all these events, receptor endocytosis
clearly coincided with loss of arrestin fluorescence (also
see Movie S1). Hence, disappearance of arrestin was
used as a convenient and reliable visual index of endocytic
scission. Kymographs of arrestin fluorescence confirmed
rapid appearance of arrestin clusters after agonist addi-
tion in cells coexpressing either receptor. In cells coex-
pressing ala, arrestin clusters disappeared fast, with virtu-
ally no residual clusters observed by TIR-FM within 1 min
after agonist addition. In contrast, arrestin clusters per-
sisted throughout the duration of the imaging period in
cells coexpressing db1 (Figure 3C), indicating a significant
PDZ-dependent delay in internalization.116 Cell 127, 113–124, October 6, 2006 ª2006 Elsevier Inc.To exclude potential confounding effects of receptor re-
cycling and re-endocytosis (Tsao and von Zastrow, 2000),
surface residence times of individual arrestin clusters
(from initial formation to disappearance from the TIR-FM
field) were calculated from the time-lapse series. The av-
erage residence time of arrestin clusters in cells express-
ing db1 (representing coated pits containing db1-arrestin
complexes) was about 3-fold longer than that of ala-
arrestin clusters (Figure 3D). Similar results were obtained
by analysis of receptor clusters (not shown), confirming
that PDZ interaction is sufficient to significantly prolong
the surface residence times of db1-arrestin complexes.
To assess the generality and relevance to a GPCR that
naturally contains a PDZ ligand, we analyzed the human
b2-adrenergic receptor (termed hß2) that harbors a C-ter-
minal PDZ ligand distinct from that found in the b1AR (Hall
et al, 1998; He et al., 2006). Addition of an HA epitope to
this sequence (termed hß2HA) abolishes PDZ binding
(Cao et al., 1999) and yielded a control receptor. Similar to
the v-opioid chimeras, hß2 clustered rapidly upon agonist
addition and concentrated in a subset of CCPs (not
shown). Strikingly, the average residence time of arrestin
clusters in cells expressing hß2 was comparable to that
in db1-expressing cells, and was significantly longer than
that observed in cells expressing hß2HA (Figure 3D).
Most arrestin clusters were internalized within 90 s of their
formation in cells expressing either ala or hß2HA,while >90
s was required in cells expressing db1 or hß2 (Figure 3E).
When cumulative frequencies of surface lifetimes were
plotted, the curves for the PDZ binding receptors (db1
and hß2) were right-shifted compared to receptors that
do not bind PDZ proteins (ala and hß2HA), indicating a
delay in their internalization (Figure 3F). Curve fits further
confirmed this effect. The t1/2 for endocytosis in cells
expressing ala or hß2HA were 47 s (R2 = 0.9828) or 54 s
(R2 = 0.9705), whereas the t1/2 in cells expressing db1 or
hß2 were about 3-fold higher at 152 s (R2 = 0.9948) or
124 s (R2 = 0.987), respectively (Figure 3F).
To further verify that longer-lasting clusters observed in
the case of PDZ binding receptors represented arrested
CCPs, we tested whether labeled receptors in these clus-
ters were accessible from the cell surface. To do this, we
took advantage of the strict Ca2+ dependence of M1 anti-
body binding to the FLAG epitope. Cells coexpressing
db1 and arrestin-GFP were surface labeled with fluores-
cent M1 anti-FLAG in the presence of1 mMCa2+, which
is sufficient for M1 binding. After agonist-induced cluster-
ing of receptor-arrestin complexes, chelation of extracel-
lular Ca2+ by addition of EDTA to the culture medium pro-
duced a rapid and complete loss of receptor labeling in
all receptor spots identifiable as surface clusters, while
arrestin fluorescence remained unchanged (Figure 2G,
Movie S2). In contrast, the small fraction of receptor spots
that were highly mobile, indicative of internalized vesicles
or peripheral endosomes in the TIR-FM field, did not lose
their antibody labeling. This confirms that the longer-last-
ing GPCR clusters visualized by TIR-FM truly represent
surface-accessible CCPs.
Altogether, our results indicate that PDZ interactions of
clustered receptors are necessary and sufficient to specif-
ically prolong the lifetimes of GPCR clusters in CCPs to a
degree that is consistent with the observed differences in
receptor endocytic rates. This effect does not require G
protein coupling to receptors, as a similar 3-fold delay was
observed for endocytosis of db1-arrestin clusters even
when Gi was inactivated using pertussis toxin (Figure 3H).
Prolonged Surface Lifetime Is Not an Intrinsic
Property of CCPs, but Is Imposed Locally
by the Presence of PDZ-Interacting GPCRs
As GPCRs segregate nonuniformly among CCPs, we first
examined whether the delay in db1 endocytosis was a re-
sult of db1 clustering in a pre-existing subset of long-last-
ing CCPs. To test this, CCP dynamics were visualized
in the absence of clustered GPCRs, using clathrin-GFP.
Consistent with previous reports (Ehrlich et al., 2004;Keyel et al., 2004; Merrifield et al., 2005; Rappoport
et al., 2005; Yarar et al., 2005), threemodes of endocytosis
were observed: rapid disappearance of clathrin fluores-
cence, disappearance of spots followed by their immedi-
ate reappearance or ‘‘blinking,’’ and splitting/budding of
spots (Figure 4A). The lifetimes of 416 CCPs, from their
appearance to endocytic scission, were calculated and
binned into 18 s bins. The majority of CCPs internalized
between 18 and 36 s after formation (Figure 4B), compa-
rable to what was observed with ala clusters (not shown),
suggesting that the ‘‘default’’ kinetics of CCP endocytosis
is not affected by non-PDZ binding GPCRs. Importantly,
a cumulative graph of the lifetimes fit to amonophasic dis-
tribution (Figure 4C), where almost all CCPs were internal-
ized within 60 s after their appearance. Thus, long-lived
CCPs do not exist in the absence of clustered receptors,
ruling out the possibility that db1 is sorted into a pre-exist-
ing subset of long-lasting CCPs.
To investigate the alternative hypothesis that PDZ-inter-
acting receptors alter the dynamics of CCPs, we tested
whether the dynamics of CCPs changed after agonist-in-
duced clustering of db1. The surface lifetimes of individual
CCPs were measured in the same cells before agonist
addition and after agonist-induced clustering of recep-
tor-arrestin complexes. Cumulative graphs showed a
pronounced effect of agonist on CCP lifetimes in cells ex-
pressing db1, in contrast to control cells expressing ala
(Figure 4D). When binned, CCP surface lifetimes in cells
expressing ala fit to a single Gaussian distribution that
was not affected by agonist addition, with <5% outside
the normal distribution in either case (Figures 4E and
4G). CCP lifetimes fit to a nearly identical distribution in
cells expressing db1 imaged prior to agonist addition.
After agonist addition, however, 35% CCPs moved out-
side the Gaussian distribution due to prolonged surface
residence (Figures 4F and 4G), comparable to the fraction
of CCPs containing activated receptors. This indicates
that PDZ-interacting GPCRs locally alter the dynamics of
the CCP subset containing concentrated receptors.
Interestingly, the residual values representing this pro-
longed CCP subset fit to a normal distribution around a
higher mean of 72 s (Figure 4G). This argues against a
simple first-order process prolonging surface lifetimes of
PDZ-interacting CCPs (which would produce a near-ex-
ponential residual plot) and suggests, instead, that the
PDZ-delayed CCP subset is subject to a distinct endo-
cytic timing mechanism (see below).
A potential caveat is that multiple CCPs may cluster
within the resolution limit of our optical system in response
to GPCR activation (Santini et al., 2002). In this case, indi-
vidual endocytic events occurring asynchronously might
fail to produce a pronounced decrease in fluorescence,
causing an overestimate of CCP lifetimes. This predicts,
however, that longer-lasting clathrin-GFP spots, due to
the presence of multiple CCPs, would have substantially
higher fluorescence compared to short-lived clusters rep-
resenting individual CCPs. No such correlation was ob-
served between clathrin fluorescence and CCP lifetimesCell 127, 113–124, October 6, 2006 ª2006 Elsevier Inc. 117
Figure 4. The Presence of PDZ-Interacting Receptors In-
creases Surface Lifetimes of a Subset of CCPs
(A) TIR-FM imaging of clathrin-GFP to visualize endocytic events
(arrowheads). Each row shows representative example of distinct en-
docytic events: disappearance of clathrin spots (top), disappearance
followed by rapid reappearance (‘‘blinking,’’ middle), and splitting off
part of the clathrin spot followed by its disappearance (bottom).
(B) Lifetimes of 448 clathrin spots on the cell surface were separated
into 18 s bins. The graph shows a single peak, with the majority of
CCPs being internalized between 18 and 36 s after their appearance.
(C) Cumulative frequency curves of the residence times of CCPs, as in
Figure 3F. Individual data points from 10 cells (in gray) and their aver-
age (red) are shown. The curve fit (red line) shows a monophasic curve
(R2 = .9966, d.f. = 48).
(D) Cells expressing clathrin-GFP and either db1 or ala were imaged
before () and after (+) addition of agonist. Cumulative graphs of sur-
face lifetimes of CCPs under each condition are presented.
(E and F) CCP residence times in cells expressing ala (E) or db1 (F), be-
fore () and after (+) agonist treatment, were binned as in (B). The data
points obtained before agonist treatment in each case were fitted to
Gaussian curves (R2 = .9975, d.f. = 16, Sy.x = 0.7357, n = 165 for ala;
R2 = .9987, d.f. = 16, Sy.x = 0.5403, n = 354 for db1). The data obtained
after agonist treatment were then Gaussian fitted using same mean
and deviation. In cells expressing ala (E), clathrin residence times after
agonist treatment fitted a Gaussian curve that was almost identical to
that obtained before agonist treatment (R2 = 9979, d.f. = 16, Sy.x =
0.683, n = 154). In contrast, there was significant deviation from the
Gaussian in db1-expressing cells after agonist treatment (R2 =
0.7684, d.f. = 16, Sy.x = 5.145, n = 354).
(G) The percentages of CCPs lying outside the Gaussian distributions
are shown.118 Cell 127, 113–124, October 6, 2006 ª2006 Elsevier Inc.in agonist-treated db1-expressing cells (Figure 5A, corre-
lation coefficient of 0.041). Further, when CCPs were
separated based on whether their lifetimes were greater
or less than 54 s, the average fluorescence values between
the twopopulationswerenearly identical (Figure 5B). Thus,
the endocytic delay observed is not an artifact of altered
CCP organization, but reflects a receptor-dependent pro-
cess altering the surface lifetimes of individual CCPs.
Cargo-Mediated Regulation Occurs at a Late
Stage of CCP Maturation
After initiation of CCP formation, CCP maturation is char-
acterized by continued assembly of the clathrin lattice,
evident in TIR-FM images as a progressive increase in
clathrin-GFP fluorescence (Blanpied et al., 2002; Ehrlich
et al., 2004; Rappoport and Simon, 2003). Completion of
CCP maturation occurs by recruitment of a full comple-
ment of clathrin-associated proteins including theGTPase
dynamin, which is required for subsequent vesicle scis-
sion (Kaksonen et al., 2005; Merrifield et al., 2002, 2005).
What point in CCP maturation does the PDZ binding
GPCR regulate? To address this, we first analyzed the
change in clathrin-GFP fluorescence of individual CCPs
over time in cells expressing ala or db1. Clathrin fluores-
cence initially showed a near-linear increase, consistent
with progressive assembly of clathrin, in all CCPs ana-
lyzed. In ‘‘short-lived’’ CCPs (in ala cells and in db1 cells
not exposed to agonist), this ascending phase was fol-
lowed immediately by a near-exponential decrease of cla-
thrin fluorescence, consistent with endocytosis of the
CCP just after completion of coat assembly. In contrast,
longer-lasting CCPs (as seen in db1 cells in the presence
of agonist) showed an intermediate ‘‘plateau’’ phase, in
which clathrin fluorescence remained relatively stable for
a prolonged period before endocytic scission (e.g., trace
in Figure 5C). The duration of this phase varied depending
on the lifetime of the CCP. Importantly, the average rate
of increase in fluorescence in the ascending phase was
comparable among short- and long-lived CCPs (Fig-
ure 5D), indicating that PDZ-interacting GPCRs do not de-
tectably impair the rate or extent of clathrin assembly on
CCPs but prolong CCP lifetimes after clathrin assembly
is complete.
Longer CCP lifetimes at this late stage of maturation
could occur, in principle, from delayed recruitment of the
dynamin-associated endocytic scission machinery or by
impaired activity of this machinery after recruitment. We
took two approaches to distinguish these possibilities.
First, dynamin-GFP was visualized in CCPs by dual imag-
ingof clathrin anddynamin in cells coexpressing either db1
or ala. Consistent with previous studies (Ehrlich et al.,
2004; Kaksonen et al., 2005; Merrifield et al., 2002), dyna-
min accumulated on CCPs and sharply peaked at the end
of the ascending phase of clathrin fluorescence, just prior
(H) The residuals from the Gaussian fit of db1-expressing cells fit a nor-
mal distributionwith amean at 72 s (R2 = .9771, d.f. = 12, Sy.x = 0.7612).
Error bars represent SEM.
Figure 5. Long-Lived CCPs Show Normal Clathrin Recruitment and Dynamin Lifetimes
(A) Lifetimes of 222 CCPs, in agonist-treated db1-expressing cells, plotted against the maximum clathrin fluorescence values attained by each, show
no correlation.
(B) CCPs in activated db1-expressing cells were separated into those with lifetimes higher or lower than 54 s, and average clathrin values estimated.
(C) Clathrin fluorescence trace of a representative long-lived CCP in a db1-expressing cell imaged in the presence of agonist, showing progressive
increase, a prolonged plateau phase, and a rapid loss of clathrin fluorescence. The red line shows linear curve fits for the first two phases and an
exponential curve fit to the last (scission) phase. Time 0 denotes the onset of scission.
(D) Clathrin fluorescence levels of multiple short- or long-lived CCPs, as indicated, were measured over time and averaged by aligning each kinetic
trace to the end of the first phase (time 0).
(E) Example kymographs of dual-color TIR-FM image series of clathrin (red) and dynamin (green), showingCCPswith varying surface residence times.
(F) Average durations of intense dynamin fluorescence localized to CCPs in cells expressing either ala (n = 428) or db1 (n = 460) as indicated, prior to
and after agonist addition.
(G) Fluorescence trace of clathrin (red) and dynamin (green) levels in a long-lasting CCP, showing the intense peak of dynamin fluorescence at the end
of the plateau, prior to endocytic scission. Time 0 corresponds to endocytic scission as judged visually in the movie.
(H) Examples of db1-containing coated pit profiles scored as early- or late-stage CCPs. Arrows indicate db1-gold labeling. Quantification of db1-
labeled and unlabeled coated pit profiles is tabulated. Error bars represent SEM.to endocytic scission (Movie S3). Essentially every dyna-
min peak was associated with an identifiable endocytic
event. Importantly, when CCPs of varied lifetimes were
analyzed (example kymographs in Figure 5E), long-lasting
CCPs, as observed after agonist-induced clustering of
db1, showed no corresponding increase in the dwell time
of dynamin prior to scission. In either ala- or db1-express-
ing cells, irrespective of agonist addition, dynamin fluores-
cence was visible for an average of8 s before endocytic
scission (Figure5F), despite thesubstantially prolongedsur-
face residence time of db1-containing CCPs (Figure 4G).
Consistent with this, fluorescence traces of long-lasting
CCPs showed that the dynamin peak occurred at the
end of the metastable phase of clathrin fluorescence (Fig-
ure 5G), rather than at the end of the ascending phase as
seen in ‘‘default’’ CCPs.As a second approach, we used immunoelectron mi-
croscopy to examine the ultrastructure ofCCPscontaining
db1. Initial stages of CCPs are seen as shallow dips in the
membrane, while late stages appear as deeper coated pits
with narrower necks. Impairment of dynamin activity gen-
erates very deeply invaginated CCPs with characteristic
long constricted necks (Damke et al., 2001; Schmid
et al., 1998; Tosoni et al., 2005). After agonist-induced
clustering of db1, both db1-labeled (Figure 5H) and unla-
beled (not shown) CCPs were observed in various stages
of assembly. Importantly, a3-fold increase in the fractionof
deeper coated pit profiles was observed among the db1-
labeled population, compared to CCPs devoid of db1 (Fig-
ure 5H). Further, we did not see any CCPs with long con-
stricted necks characteristic of impaired dynamin activity.
Thus, taken together, our data strongly suggest that theCell 127, 113–124, October 6, 2006 ª2006 Elsevier Inc. 119
PDZ-dependent increase in CCP residence time reflects a
delay in dynamin recruitment to an assembled late-stage
CCP, without detectable change in dynamin activity after
recruitment.
Cargo-Mediated Regulation Produces Abortive
Nonendocytic Events
Agonist-induced prolongation of CCP lifetimes observed
in db1-expressing cells, while substantial, was less than
that of db1-arrestin clusters. This suggests that a separate
timing mechanism might limit the degree to which PDZ-
interacting endocytic cargo can prolong CCP lifetimes. If
this is true, a prediction is that ‘‘abortive’’ events, in which
delayed CCPs disappear from the membrane without
concomitant internalization of db1 clusters, will be ob-
served. To test this possibility, we visualized clathrin and
receptors associated with the same CCPs by dual-color
TIR-FM. In cells expressing ala, where the lifetimes of
CCPs were not prolonged, loss of clathrin was invariably
associated with loss of receptors (e.g., Figures 6A and
6B). In contrast, in cells expressing db1, clathrin coats oc-
casionally separated from the plasma membrane without
concomitant disappearance of db1. One example of this
is a blinking event characterized by loss and rapid reap-
pearance of clathrin fluorescence, without significant
change in colocalized db1 fluorescence (Figures 6C and
6D), suggesting loss of the clathrin coat and subsequent
rapid recoating. A second example shows a clathrin
coat devoid of db1 separating from a db1-clathrin cluster
(Figures 6E and 6F).
Transferrin Endocytosis Occurs Mainly through
a Subset of CCPs Not Affected by the
GPCR-Mediated Delay
As constitutively internalized cargo may be localized in
CCPs with regulated cargo, we next examined the effect
of cargo-mediated delay of CCP scission on constitutive
endocytosis of transferrin. As expected from its ability to
concentrate in CCPs devoid of GPCRs (Cao et al., 1998),
a substantial fraction of transferrin observed in live cells lo-
calized to CCPs that did not contain detectable amounts
of db1 (Figure 6G). Consistent with this, binned analysis
of lifetimes of individual transferrin-containing CCPs in
db1-expressing cells, which fit to a normal distribution, re-
vealed aminor effect of db1 clustering on transferrin endo-
cytosis,with only10%ofCCPs falling outside theGauss-
ian curve in agonist-treated cells (Figures 6H and 6I).
PDZ Interactions Mediate Endocytic Delay by
Tethering Cargo to the Actin Cytoskeleton
One established function for a number of PDZ-domain in-
teractions is to link the relevant proteins to cortical actin.
We tested whether linking a GPCR to actin was sufficient
to delay its endocytosis, by comparing endocytosis of the
v-opioid receptor (termed DOR) with a chimeric DOR con-
taining the actin binding domain of the ERM protein ezrin
(Gary and Bretscher, 1995) fused to its C terminus (termed
ABD). Following agonist treatment, the lifetimes of individ-120 Cell 127, 113–124, October 6, 2006 ª2006 Elsevier Inc.ual arrestin clusters were increased 2-fold upon conferring
actin binding to DOR (Figure 7A). Cumulative graphs con-
firmed the delay in endocytosis of ABD clusters, which
internalized with a t1/2 of 108 s, compared to 55 s for
DOR clusters (Figure 7B). Strikingly, similar to what was
observed with db1, and unlike with DOR, agonist-induced
clustering of ABD resulted in generation of a subset of
longer-lasting CCPs, seen as longer streaks of clathrin
fluorescence after agonist addition in kymographs of the
same region of the cell (Figure 7C). Binned analysis of
CCP lifetimes showed that in cells expressing DOR, the
lifetimes fit to a single Gaussian curve that was not
affected by agonist addition (Figure 7D). In contrast,
Figure 6. Clathrin Dissociation Can Occur without Internali-
zation of db1 Clusters
(A and B) A time-lapse series (A) of cells expressing ala and clathrin-
GFP showing a typical endocytic event, characterized by disappear-
ance of clathrin spots concomitant with disappearance of receptor
spots. As in Figure 3, and as reported earlier, clathrin reappears almost
immediately at the same spot (‘‘blink’’). The fluorescence levels of
receptor (red) and clathrin (green) over 20 frames are graphed in (B).
(C and D) A time-lapse series (C) shows a clathrin spot blinking without
change in db1 fluorescence, confirmed by fluorescence traces (D) of
the event.
(E and F) A second event (E) shows clathrin splitting off (arrowhead)
from a cluster that contains both db1 and clathrin. Fluorescence traces
of the clathrin spot (F) confirm that it never acquires receptor fluores-
cence. In all cases, arrows indicate the endocytic event.
(G) Partial colocalization (arrowheads) of transferrin and agonist-
induced db1 clusters. Arrows denote transferrin-containing CCPs
devoid of db1.
(H) Lifetimes of individual transferrin spots in db1-expressing cells, be-
fore (db1) or after (db1+) agonist treatment, were binned into 18 s
bins and fitted to a normal distribution as described in Figure 4E (n =
150 in each).
(I) The percentage of transferrin spots that showed a lifetime outside
the Gaussian curve before () and after (+) agonist-induced db1 clus-
tering. Error bars represent SEM.
Figure 7. Linking GPCRs to Actin Cytoskeleton Is Sufficient to Delay CCP Scission and Endocytosis
(A and B) Averages (A) or cumulative graphs (B) of lifetimes of individual arrestin clusters in cells coexpressing DOR (n = 160) or ABD (n = 240).
(C)–(E) Kymographs of clathrin imaged in the same region of a representative ABD-expressing cell before (ABD) or after (ABD+) addition of agonist.
Scale bar = 1 min. The lifetimes of 196 CCPs each in cells expressing DOR (D) or ABD (E), before () or after (+) agonist addition, were binned and
analyzed as in Figure 4E. Agonist treatment did not cause a significant deviation from normal distribution in the case of DOR (R2 = 0.9944, d.f. = 11,
Sy,x = 1.3 for DOR, and R2 = 0.9663, d.f. = 11, Sy,x = 2.9 for DOR+), while a significant deviation was observed for ABD (R2 = 0.9984, d.f. = 11, Sy,x =
0.7 for ABD, and R2 = 0.5066, d.f. = 11, Sy,x = 7.4 for ABD+).
(F) The residuals obtained in ABD cells after agonist treatment fit a normal distribution around 72 s (R2 = 0.9745, d.f. = 7, Sy,x = 1.1).
(G) A schematic diagram of events that lead to CCP formation and endocytosis is shown. Previous studies have shown regulation of coat initiation
(step 1) or vesicle scission (step 3). The present results reveal distinct PDZ-mediated regulation of a late stage in CCP maturation (step 2), which
results in delayed recruitment of dynamin to CCPs after clathrin assembly is complete. Error bars represent SEM.agonist-induced ABD clustering caused CCP lifetimes to
shift out of the normal distribution (Figure 7E), with approx-
imately 40% of clusters falling outside the normal. As with
db1, the residuals conformed to a normal distribution
around a mean of 72 s (Figure 7F). Thus, direct linkage
of endocytic cargo to the actin cytoskeleton is sufficient
to closely mimic PDZ-dependent delay of GPCR-contain-
ing CCP subsets, suggesting a potentially general mech-
anism by which PDZ-interacting proteins regulate CCP
endocytosis.
DISCUSSION
Compositional and Functional Specialization
of CCPs Facilitates Noncompetitive Endocytosis
of Distinct Cargo
While compositionally distinct CCP subsets have been
proposed previously (Cao et al., 1998; Puri et al., 2005; To-
soni et al., 2005), a reliance on analysis of fixed cells hasmade it difficult to exclude kinetic differences in recruit-
ment of various cargo to an otherwise uniform CCP popu-
lation. The present results, by following individual CCPs
over their entire lifetime, exclude this caveat and clearly
establish the existence of compositionally distinct CCP
subsets. More significantly, in the case of GPCRs, the
existence of CCP subsets has been controversial even
in fixed cells, as some previous studies reported uniform
labeling of CCPs by GPCR-arrestin complexes (Goodman
et al., 1996; Zhang et al., 1996). Our data, that selective
concentration of GPCR-arrestin complexes in a subset
of CCPs is lost upon arrestin overexpression, suggest
that variation in levels of arrestin expression might explain
differences in the uniformity with which GPCR-arrestin
complexes populate CCPs. Further, they suggest that
GPCR concentration in CCPs is cooperative at the level
of both the receptor and arrestin.
The presence of compositionally distinct CCPs raises
critical questions regarding their functional significance.Cell 127, 113–124, October 6, 2006 ª2006 Elsevier Inc. 121
The present results, by identifying a cargo-mediated effect
on the dynamics of a compositionally definedCCP subset,
suggest a simple means to accurately link functional spe-
cialization among individual CCPs to the presence of spe-
cific endocytic cargo. Furthermore, the observed delay in
endocytosis of GPCR-containing CCPs had a relatively
minor effect on constitutive internalization of transferrin,
which localizes mainly to GPCR-deficient CCPs. Thus,
the mechanism of CCP specialization described here is
also likely to reduce competition among distinct mem-
brane cargo for clathrin-dependent endocytosis.
Mode of Regulation of CCP Endocytosis by GPCRs
Previous studies support the ability of signaling receptors
to globally regulate the number and/or the activity of CCPs
present in the plasma membrane by downstream signal-
ing events such as activation of various kinases (Pelkmans
et al., 2005; Sorkin, 2004;Wilde et al., 1999). The receptor-
mediated CCP regulation described here, however, was
evident only in a subset of CCPs and was independent
of G protein signaling from the GPCRs, suggesting that
it is distinct from previously reported global regulation of
endocytosis by signaling receptors.
Clathrin-mediated endocytosis can be described in
terms of a series of modular protein assembly events. Fol-
lowing coat initiation, maturation of CCPs occurs by fur-
ther clathrin assembly and recruitment of additional com-
ponents, including dynamin, which functions in scission
of the endocytic vesicle (Kaksonen et al., 2005; Perrais
and Merrifield, 2005). Previous studies suggest a role for
certain endocytic cargo in regulating early stages of coat
initiation/stabilization (Ehrlich et al., 2004; Johannessen
et al., 2006; Puri et al., 2005) or the late stage of dyna-
min-dependent scission (Perrais and Merrifield, 2005;
Tosoni et al., 2005; Wang et al., 2006). The PDZ-mediated
regulation reported here affects a distinct stage in CCP
maturation after clathrin assembly is completed but be-
fore endocytic scission (Figure 7G).
The observed effect on CCP surface lifetime was pro-
duced by two different PDZ ligands that bind to distinct
PDZ proteins, and by conferring actin binding directly on
the GPCR. This suggests a general mechanism by which
a variety of PDZ proteins, by linking specific cargo to cor-
tical actin, could function in cargo-mediated regulation of
CCP dynamics. In contrast to the role of actin in promoting
clathrin-mediated endocytosis (Kaksonen et al., 2005;
Merrifield et al., 2002; Yarar et al., 2005), the present re-
sults suggest a distinct inhibitory function that is linked
to specific membrane cargo.
The cargo-mediated regulation of CCP maturation ob-
served in this study, although substantial, was not abso-
lute. First, the db1 and hß2 receptors did eventually inter-
nalize, albeit with a significant delay. Second, although not
frequently, PDZ-delayed CCPs were observed to undergo
abortive events, in which the clathrin coats separated
without receptor endocytosis. This is distinct from the
abortive behavior of immature clathrin coats observed
prior to cargo recruitment and coat stabilization (Ehrlich122 Cell 127, 113–124, October 6, 2006 ª2006 Elsevier Inc.et al., 2004) and suggests an inbuilt ‘‘checkpoint’’ timer
limiting the ability of regulated endocytic cargo to delay
CCP dynamics at a late stage of maturation. Such addi-
tional kinetic regulation, by preventing long-term seques-
tration of core endocytic components, could further con-
tribute to reduced competition among distinct endocytic
cargo.
Functional Consequences of Local Cargo-Mediated
Regulation of CCPs
Our results clearly indicate that local regulation of CCP dy-
namics exerts a functional effect on endocytic trafficking
of GPCRs, as the increase in lifetimes of CCPs correlated
with slower internalization of PDZ-interacting receptors.
It is feasible that a PDZ-mediated delay could in turn facil-
itate efficient concentration of specific cargo in CCP sub-
sets. Given that GPCRs evidently associate with CCPs in
a cooperativemanner, albeit limited by available adaptors,
CCP subsets are likely initiated by stochastic association
of cargo. In this case, local delay of CCP scission could
provide a kinetic mechanism that maximizes cooperative
loading of cargo in these subsets. Also, such subsets
might reflect an early segregation that contributes to post-
endocytic sorting of GPCRs, as suggested recently for
other cargo (Lakadamyali et al., 2006). Interestingly, in
this context, the PDZ ligands that regulate CCP dynamics
also promote postendocytic recycling of receptors after
endocytosis. The functional significance of this correlation
remains to be tested.
It is also possible that local cargo-mediatedCCP regula-
tion influences GPCR signaling. After phosphorylation and
arrestin-mediated desensitization of activated GPCRs,
functional resensitization is promoted by their endocytosis
and subsequent recycling (Pierce et al., 2002; Sorkin and
Von Zastrow, 2002). Cargo-mediated delay of CCP dy-
namics, by increasing the timeof receptor-arrestin interac-
tion prior to endocytosis, is thus likely to delay receptor
resensitization. Additionally, there is increasing evidence
that GPCR-arrestin complexes mediate G protein-inde-
pendent signaling via mitogenic signaling cascades (Perry
and Lefkowitz, 2002; Shenoy et al., 2006). As increased
arrestin concentration at the plasma membrane is suffi-
cient to initiate such signaling (Terrillon and Bouvier,
2004), PDZ-dependent prolongation of the surface life-
times of receptor-arrestin clusters could also conceivably
promote mitogenic signaling by GPCRs. Thus, local con-
trol of CCP maturation by selectively concentrated mem-
brane cargo identifies a fundamental mechanism for func-
tional specialization of the early endocytic pathway, which
may have diverse consequences on cellular signaling and
membrane traffic.
EXPERIMENTAL PROCEDURES
cDNA Constructs and Cell Culture
Receptor constructs and stably transfected HEK293 cell lines were de-
scribed previously (Gage et al., 2005). Arrestin-GFP, clathrin-DsRed,
and dynamin 2-GFP were gifts from Drs. Marc Caron, Wolf Almers,
andMark McNiven, respectively. Clathrin-GFP was generated by sub-
cloning the clathrin light chain to pEGFP-N1 (Clontech), using Eco RI
and Kpn I. Transfections were performed using Effectene (Qiagen) ac-
cording to manufacturer’s instructions. FLAG-tagged receptors were
labeled with M1 monoclonal (Sigma) conjugated with Alexa-555 as
described (Gage et al., 2005). Alexa-488-conjugated transferrin was
obtained commercially (Invitrogen).
TIR-FM and Live Imaging
Imaging was carried out using a Nikon TE-2000E inverted microscope
with a 603 1.45 NA TIRF objective, equipped for through-the-objective
TIRF illumination. A 488 nmArgon-ion laser (MellesGriot) and a 543 nm
HeNe laser (Spectra Physics) were used as light sources. Cells were
imaged in Opti-MEM (Gibco) with 2% serum and 30 mM HEPES
of pH 7.4, maintained at 37C using a temperature-controlled stage
(Bioscience Tools) and an objective warmer (Bioptechs). Time-lapse
sequences were acquired using a C9100-12 camera (Hamamatsu
Photonics) driven by IPLab (Scanalytics). For dual imaging of GFP
and DsRed fluorescence, 488 nm was used to excite both fluoro-
phores, and a beam splitter (Optical Insights) with narrow-bandpass
filters (Chroma) was inserted in the emission light path. Minimal
bleed-through was verified using single-labeled specimens.
Image Analysis, Data Analysis, and Statistics
Acquired image sequenceswere saved as stacks of 16 bit TIFF files. All
quantitative image analysis was done using ImageJ (http://rsb.info.nih.
gov/ij/). For estimating change in receptor fluorescence over time,
individual cells were selected manually and the fluorescence values
measured over the entire stack. An area of the coverslip lacking cells
was used to estimate background fluorescence. To assess change
in CCP fluorescence over time, a circular mask 5 px in diameter was
used to manually select individual CCPs. The average fluorescence
was measured in each time frame, corrected for background, and es-
timated as a percentage of the peak. Lifetimes of receptor/arrestin
clusters and CCPs were calculated by measuring the number of
frames between their appearance and endocytosis. Only objects
whose appearance and disappearance were clearly observed were
included in the analysis. Microsoft Excel was used for simple data
analyses. Curve fits of data were performed using GraphPad Prism.
All P values shown are from two-tailed, unpaired Student’s t tests.
Electron Microscopy
293 cells expressing db1 were labeled live with anti-FLAG antibodies,
followed by secondary antibodies conjugated to 5 nm gold. After ago-
nist addition at 37C for 1 min, the cells were fixed in 2.5% glutaralde-
hyde, stained with osmium tetroxide and uranyl acetate, embedded in
Epon, sectioned, and imaged using a Tecnai (FEI/Philips) microscope
operated at 120 kV. 293 cells not expressing tagged receptors were
used to confirm negligible nonspecific background. Depending on
the ratio of the depth of CCP profiles to their width, they were classified
as early (%1) or late (>1).
Supplemental Data
Supplemental Data include one figure and four movies and can be
found with this article online at http://www.cell.com/cgi/content/full/
127/1/113/DC1/.
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